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KCNQ5/Kv7.5 is a low-threshold non-inactivating voltage-gated potassium channel preferentially tar-
geted to excitatory endings in brain neurons. The M-type current is mediated by KCNQ5 channel subunits
in monkey retinal pigment epithelium cells and in brain neurons. This study was undertaken to analyze
KCNQ5 expression and the interaction signals of KCNQ5 with other proteins in normal rat retina and
during photoreceptor degeneration. The KCNQ5 expression pattern was studied by immunocytochem-
istry and Western blot in normal rat retinas (SpragueeDawley, SD) and P23H-1 rats as a retinitis pig-
mentosa model. The physical interactions of KCNQ5 with calmodulin (CaM), vesicular glutamate
transporter 1 (VGluT1) and glial ﬁbrillary acidic protein (GFAP) were analyzed by in situ proximity
ligation assays and were supported by calcium recording. KCNQ5 expression was found in the plexiform
layers, ganglion cell layer and basal membrane of the retinal pigment epithelium. The physical in-
teractions among KCNQ5 and CaM, VGluT1 and GFAP changed with age and during retinal degeneration.
The maximal level of KCNQ5/CaM interaction was found when photoreceptors had almost completely
disappeared; the KCNQ5/VGluT1 interaction signal decreased and the KCNQ5/GFAP interaction increased
in the inner retina, while degeneration progressed. The basal calcium levels in the astrocytes and neu-
rons of P23H-1 were higher than in the control SD retinas. This study demonstrates that KCNQ5 is
present in the rat retina where its activity may be moderated by CaM. Retinal degeneration progression
in P23H-1 rats can be followed by an interaction between KCNQ5 with CaM in an in situ system. The
relationship between KCNQ5 and VGluT1 or GFAP needs to be more cautiously interpreted.
© 2014 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-SA
license (http://creativecommons.org/licenses/by-nc-sa/3.0/).1. Introduction
The initial interest in studying the potassium channel KCNQ5 (or
Kv7.5) in the retina was based on the electrophysiological data
obtained from rods and retinal pigment epithelium (RPE) cells
where rectifying Kþ currents were identiﬁed (Beech and Barnes,
1989; Pattnaik and Hughes, 2012). These Kþ currents were inhibi-
ted by XE991 (a KCNQ channel blocker) or activated with retigabine
(a KCNQ channels opener) in RPE cells (Pattnaik and Hughes, 2012),
as resembling those M-type currents in excitable cells in which
KCNQ5 is implicated (Lerche et al., 2000; Schroeder et al., 2000). It
has not yet been demonstrated that KCNQ5 contributes to voltage-ciences, School of Medicine,
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Ltd. This is an open access article ugated Kþ channels in inner segments of photoreceptors and other
retinal cells. However, the results obtained in the present study
support this possibility.
KCNQ/Kv7 is a family of ﬁve potassium channels involved in the
control of cellular excitability in the heart, inner ear and central
neurons. Mutations in KCNQ1-4 genes, but not in KCNQ5, underlie
several human pathologies (Biervert et al., 1998; Kubisch et al.,
1999; Wang et al., 1996). KCNQ5 has three splice variants of
different sizes. KCNQ5-v1 encodes a protein that is 932 amino acids
long; KCNQ5-v2 encodes the truncated form which affects nine
amino acids in the C-terminus domain, KCNQ5-v3 encodes a pro-
tein with 19 extra amino acids (Schroeder et al., 2000; Yeung et al.,
2008). A study conducted in monkey retina has reported that RPE
cells express KCNQ5-v2 and that the neural retina expresses
KCNQ5-v1 and -v2 (Zhang et al., 2011). KCNQ5-v2 expression has
also been found in bovine RPE, where it is implicated in the Kþ
concentration control in subretinal ﬂuid, which is important to
maintain the functions of photoreceptors, Müller cells and also RPEnder the CC BY-NC-SA license (http://creativecommons.org/licenses/by-nc-sa/3.0/).
Table 1
Primary and secondary antibodies used for immunocytochemistry (IR) and Western
blot (WB).
Antigen Immunogen Host
species/
mono-
polyclonal
Manufacturer/
Catalog#/Clone
Dilution
Primary antibodies
KCNQ5 (or Kv7.5) Fusion proteins
from
transformed
E. coli strains
Rabbit/
polyclonal
Millipore (Temecula,
CA)/# AB5599
IR:
1:1000
WB:
1:2000
Calmodulin Synthetic
peptide of
bovine
calmodulin
Mouse/
monoclonal
Millipore (Temecula,
CA)/# 05-173
IR:
1:500
Vesicular
glutamate
transporter
(VGluT1)
Fusion protein
of rat VGluT1
Mouse/
monoclonal
NeuroMab (Davis,
CA)/# 75-066/Clone
N28/9
IR:
1:500
GFAP Glial Fibrillary
Acidic Protein
from pig spinal
cord
Mouse/
monoclonal
Sigma (St. Louis, MO,
USA)/#G3893/Clone
G-A-5
IR:
1:500
Glyceraldehyde-
3-phosphate
dehydrogenase
(GAPDH)
Puriﬁed rabbit
muscle GAPDH
Mouse/
monoclonal
Applied Biosystem
(Foster City, CA)/#
AM4300/Clone 6C5
WB:
1:4000
Secondary antibodies
Cy2-conjugated goat anti-rabbit (F(ab0)2/Fab
portion)
Jackson
ImmunoResearch
(Baltimore Pike, PA)/
# 111-226-047
IR:
1:500
Cy5-conjugated goat anti-Mouse IgG (H þ L) Jackson
ImmunoResearch
(Baltimore Pike, PA)/
# 115-175-146
IR:
1:500
Peroxidase conjugated goat anti-rabbit IgG
(H þ L)
Vector Laboratories
(Burlingame, CA)/#
PI-1000
WB:
1:1000
Peroxidase conjugated horse anti-mouse IgG
(H þ L)
Vector Laboratories
(Burlingame, CA)/#
PI-2000
WB:
1:2000
E. Caminos et al. / Experimental Eye Research 131 (2015) 1e112cells (Zhang and Hughes, 2013). To date, no functions in relation to
the presence of KCNQ5 in neural retina have been assigned or
suggested.
The biophysical and pharmacological features of KCNQ5 can be
altered by associated proteins, such as Src tyrosine kinase, KCNE1 or
KCNE3, which alter the potassium current (Gamper et al., 2005;
Roura-Ferrer et al., 2009), or calmodulin, which modulates potas-
sium channel activity by interacting with the C-terminal domain of
KCNQ5 (Gamper et al., 2005; Yus-Najera et al., 2002). The distri-
bution of KCNQ5 in excitatory endings of central auditory neurons
can also be altered if the inputs to these neurons are not intact
(Caminos et al., 2007; Garcia-Pino et al., 2010). Some studies have
also suggested that glial cells express KCNQ5 and that the channel
is involved in glial cell maturation (Wang et al., 2011; Yus-Najera
et al., 2003).
The ﬁrst goal of this study was to check whether KCNQ5 is
expressed in a normal rat retina and in rats with retinal degener-
ation. The P23H-line 1 (P23H-1) transgenic rat undergoes gradual,
fast photoreceptor loss, which is characteristic of autosomal
dominant retinitis pigmentosa, with progressive changes occurring
in the connectivity patterns of photoreceptor pathways (Cuenca
et al., 2004; Machida et al., 2000). In this study, we also analyzed
the co-localization and subsequent possible physical interaction of
KCNQ5 with a protein involved in channel activity in the brain
(calmodulin, CaM) and the proteins affected by retinal degenera-
tion progression (the vesicular transporter of glutamate 1, VGluT1,
and glial ﬁbrillary acidic protein, GFAP).
2. Materials and methods
2.1. Animals
Transgenic P23H-1 homozygous albino rats were kindly pro-
vided by Dr. Matthew LaVail (UCSF School of Medicine, Beckman
Vision Center, San Francisco, CA, USA), and were bred in a colony at
the University of Castilla-La Mancha (UCLM, Albacete, Spain).
SpragueeDawley (SD, Charles River Laboratories, Barcelona, Spain)
rats were used as the wild-type controls. All the animals were
housed and handled under the authorization and supervision of the
animal facility staff at the UCLM. Protocols were approved by the
UCLM Ethics Committee for Experimental Animal Welfare. This
study was conducted in accordance with European and Spanish
laws (Directive 2010/63/UE and RD 53/2013).
2.2. Western blot
Anesthesia was induced with 4% isoﬂurane (1 L/min O2 ﬂow
rate) into an appropriate chamber prior to decapitation. Eyes were
removed, and retinas were isolated and frozen in liquid nitrogen
and stored at 80 C. The eyes from at least three animals per age
(P20, P90, P110 and 200) of each rat strain were used. Retinas were
homogenized in 2 ml of ice-cold lysis buffer (50 mM TriseHCl pH
7.5, 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1 mM Na3VO4, 1 mM
NaF, 1% Triton, 20 mM PMSF, and 20 mg/ml of each aprotinin and
leupeptin). Homogenates were centrifuged at 12,000 g for 10min at
4 C and supernatants were stored at80 C. Protein concentration
was determined with the BCA Protein Assay kit (Thermo Fisher
Scientiﬁc, Rockford, IL, USA). Eighteen mg of whole protein extracts
were electrophoresed on 10% SDS polyacrylamide gels using the
mini-PROTEAN III system (Bio-Rad, Hercules, CA, USA) for 90min at
120 V. Gels were transferred onto nitrocellulose membranes (GE
Healthcare Bio-Sciences, Uppsala, Sweden) for 2 h at 120 V using a
semidry blotter (Bio-Rad). Immunodetection was performed by
blocking nonspeciﬁc binding in the blots with Tris-buffered saline-
Tween-20 (TBST: 50 mM Tris pH 7.5, 200 mM NaCl, 0.1% Tween 20and 5% nonfat dry milk) for 1 h, at room temperature (RT). Then
membranes were incubated with anti-KCNQ5 (Table 1) in TBST,
overnight at 4 C, and subsequently with the secondary antibody
(Table 1) for 1 h at RT. Next membranes were developed with a
chemiluminescence assay (SuperSignal West Dura Extended
Duration Substrate, Pierce, Rockford, IL, USA) for 5 min and were
scanned in a computer equipped with the LAS-mini 3000 system
(Fujiﬁlm, Tokyo, Japan). Finally, membranes were incubated in
stripping buffer (Pierce) at 37 C for 30 min and were exposed to
anti-GAPDH (Table 1). The controls included: (1) blots with anti-
KCNQ5 partially preabsorbed with the antigenic KCNQ5 protein
(1:20; Abnova); and (2) extracts of cerebellum and cochlear nu-
cleus, as published previously (Garcia-Pino et al., 2010).2.3. Immunoﬂuorescence
SD (n ¼ 17) and P23H-1 (n ¼ 15) rats, aged 20, 60, 90, 160 and
200 postnatal days (P), were used. At least three animals per age
and strain were anesthetized with an intraperitoneal injection of a
mixture of ketamine (100 mg/kg, Parke-Davis, Alcobendas, Spain)
and 2% Xylazine (10 mg/kg, Dibapa, Barcelona, Spain), and were
transcardially perfused with 0.9% saline and 2% paraformaldehyde
in 0.1 M phosphate buffer (PB), pH 7.3, as published previously
(Garcia-Pino et al., 2010). Eyes were dissected, postﬁxed for 4 h in
the same ﬁxative, and washed and transferred into PB containing
30% sucrose. Fifty six eyes were embedded in Tissue Tek (Leica,
Fig. 1. Western blot showing KCNQ5 from the retina and cerebellum (Cb) extracts of
the control SD and P23H-1 rats. The anti-KCNQ5 antibody recognized three bands of
around 90, 50 and 34 kDa (left columns). The immunoreactivity of the three bands was
eliminated after antibody preabsorption with the antigenic peptide (middle column).
The expected molecular weight corresponds to the 90 kDa band. Bands of 50 kDa and
34 kDa can be degradation products. The same pattern of bands was present in the
cerebellum (right column) of the P23H-1 rats. These images are representative of more
than ﬁve distinct experiments. GAPDH detection was included as an internal control
(below).
E. Caminos et al. / Experimental Eye Research 131 (2015) 1e11 3Wetzlar, Germany) and sections were obtained at 16 mm with a
cryostat (Leica) and mounted onto Super Frost slides (Kindler,
Freiburg, Germany). Eight retinas were isolated and processed in
toto: 2 retinas from SD rats at P90; and 2 retinas per age from P23H-
1 rats at P20, P90 and P200. Retinal sections andwhole retinas were
used for immunocytochemistry, and retinal sections were used for
the proximity ligation assay procedures.
Single and double immunocytochemistry were performed as
previously described (Caminos et al., 2007). Cryosections were
washed in phosphate buffered saline, pH 7.3 (PBS), containing
0.25% Triton X-100 (PBST), and were pre-incubated for 1 h at RT
with blocking solution containing PBST and 1% BSA (Fraction V,
SigmaeAldrich, Steinheim, Germany). For single immunocyto-
chemistry, sections were incubated with the primary antibody to
recognize KCNQ5 (Table 1). For double immunocytochemistry,
sections were incubated in a mixture containing two primary an-
tibodies, anti-KCNQ5/anti-VGluT1 or anti-KCNQ5/anti-CaM or anti-
KCNQ5/anti-GFAP (Table 1), for 15e18 h. The immunoreactivity of
the primary antibodies was visualized using a secondary antibody
coupled to Cy2 or Cy5 (Table 1) for 1 h. Retinal sections were
washed in PBST, air-dried in the dark and mounted with Duolink
Mounting Medium with DAPI (Olink Bioescience, Uppsala, Swe-
den). In whole retinas, longer incubations were performed: 2 days
with the primary antibodies anti-KCNQ5 and anti-GFAP, and 3 h
with the secondary antibodies. Retinas were examined under a
Zeiss LSM 710 laser confocal microscope (Zeiss, Jena, Germany).
Images were analyzed by the ZEN 2009 Light Edition software
(Zeiss) and Adobe Photoshop® CS3 (Adobe Systems, San Jose, CA,
USA) was used to organize the artwork.
The controls for the immunocytochemistry included: (1) incu-
bation with a primary antibody, followed by a secondary antibody
which did not recognize the host species in which the corre-
sponding primary antibody was obtained; (2) omission of one of
the primary antibodies; (3) incubations with anti-KCNQ5, partially
preabsorbed with the antigenic antigen (1:20; KCNQ5 protein,
Abnova, Heidelberg, Germany). No control showed speciﬁc
labeling.
2.4. Proximity ligation assay
The protein interactions in retinal sections were detected by
proximity ligation assays (PLA) (S€oderberg et al., 2008) with Duo-
link in situ PLA kits, according to the manufacturer's protocol (Olink
Bioscience, Uppsala, Sweden, http://www.olink.com/). Retina sec-
tions were obtained as described above. Double immunocyto-
chemistry procedures (Caminos et al., 2007) were followed using
primary antibodies anti-KCNQ5/anti-CaM, anti-KCNQ5/anti-
VGluT1 and anti-KCNQ5/anti-GFAP. Anti-rabbit IgG (PLUS PLA
probe) and anti-mouse IgG (MINUS PLA probe) were used as sec-
ondary antibodies, and were diluted 1:5 in PBS-BSA and incubated
for 60 min at 37 C in a humid chamber. Slides were then washed
with PBS and incubated in the hybridization solution (1:5 Ligation
stock in high-quality water, plus 1:40 Ligase; Olink Bioscience) for
30 min at 37 C. After incubation, slides were washed twice 2 min
each with Wash Buffer A (Olink Bioscience). The ampliﬁcation
stock, diluted 1:5 inwater plus 1:80 Polymerase, was applied to the
slides for 100 min at 37 C. This ampliﬁcation solution contained
the oligonucleotides labeled with a 554e579 nm ﬂuorophore.
Slides were then washed twice 10 min each with Wash Buffer B
(Olink Bioescience) and once for 1 min with 0.01 Wash Buffer B.
After the hybridization and ampliﬁcation procedures, slides were
mounted with mounting mediumwith DAPI (Olink Bioscience) and
red ﬂuorescent dots were identiﬁed under a confocal microscope.
Each red ﬂuorescence dot represented a single-stranded rolling-
cycle product molecule after the replication reaction (Baner et al.,1998). Images from the central retina were acquired and analyzed
identically in all experimental groups by the ZEN 2009 Light Edition
software (Zeiss). The technical control consisted in: (1) a cross-
reaction between secondary antibodies; (2) a negative control
without primary antibodies. Neither control showed red PLA
signals.
To detect all the PLA signals, digital Z-axis image stacks (5 im-
ages/stack corresponding to a retinal section thickness of 6e7 mm)
were acquired with a Plan-Neoﬂuar 40/1.30 Oil M27 objective. All
the settings were kept constant in all the experiments for image
acquisition purposes. These images were used for the quantitative
assessment of discrete red ﬂuorescent dots (PLA signal) using the
Image-J software (Rasband, W.S. National Institutes of Health,
Bethesda, MD, USA, http://rsb.info.nih.gov/ij/), performed as pre-
viously described (Sotoca et al., 2014). In a ﬁrst step, the scale bar
was calibrated at a known distance to select the size of the
immunoﬂuorescence particles to be counted. Then each image was
converted into a grayscale 8-bit and to be then transformed into a
‘binary image’. Finally, ﬂuorescence particles were automatically
counted. The statistical analysis was run by a KruskaleWallis test
with a subsequent pair-wise comparison made using the Man-
neWhitney U test.2.5. Calcium imaging
The SD (n ¼ 2) and P23H-1 (n ¼ 2) rats from P100 were deeply
anesthetized with ketamine and xylazine. Eyes were rapidly
removed and retinas were isolated in ice-cold artiﬁcial cerebro-
spinal ﬂuid (ACSF), which was continuously bubbled with 95% O2
and 5% CO2, as previously published (Martinez-Galan et al., 2012).
Wholemount retinas were placed in ACSF containing Fura-2 AM
(25 mg/ml; Invitrogen, Carlsbad, CA, USA), 1.4% anhydrous dime-
thysulfoxide and 0.01% pluronic acid for 2e3 h.
Wholemount retinas were transferred to the stage of an upright
Olympus BX51 microscope in standard ACSF under continuous
bubbling conditions with the nerve ﬁber layer (NFL) placed on top.
The NFL and the inner nuclear layer (INL) were visualized through a
40 water immersion objective (Olympus, NA ¼ 0.8). Retinas were
E. Caminos et al. / Experimental Eye Research 131 (2015) 1e114then excited at 340 and 380 nmwith anMT-20 illumination system
(Olympus Biosystems GmbH, Planegg, Germany) and the ﬂuores-
cence emitted at 510 nmwas recorded with a monochrome camera
(F-View II; Soft Imaging System GmbH, Münster, Germany). Time-
lapse images were acquired every 10 s and were analyzed
spatially by the CellR imaging system (Olympus Biosystems GMBH,
Planegg, Germany). Adenosine 5’-triphosphate (ATP; Sigma, St.
Louis, MO, USA) was applied through a pumped line at a rate of
2.5 ml/min.
Fura-2 ﬂuorescence was converted into the intracellular Ca2þ
concentration ([Ca2þ]i), as described elsewhere (Martinez-Galan
et al., 2012). Quantiﬁcation of Ca2þ responses during ATP stimula-
tion was done by measuring the peak amplitude of the [Ca2þ]i in-
crease. Statistical signiﬁcance was assessed by a Student's t-test.Fig. 2. KCNQ5 immunostaining in the vertical sections of the central rat retina. Nuclear stain
in the RPE, is, OPL, INL, IPL, GCL, and in the NFL. (B) Image showing no immunoreactivity afte
(C) Retinal section from a P23H-1 retina at P20 with the same distribution pattern as in the c
layers. (E) Image of the preabsorption control, where no KCNQ5 staining was observed in the
peptide (KCNQ5 partial recombinant protein) which did not completely block the antibody
segment of photoreceptors; NFL, nerve ﬁber layer; ONL, outer nuclear layer; OPL, outer plexi
references to color in this ﬁgure legend, the reader is referred to the web version of this a3. Results
3.1. Differential protein expression by western blot
The anti-KCNQ5 antibody recognized three bands of around 90,
50 and 34 kDa in all the extracts of retinas and brains from the SD
and P23H-1 rats (Fig. 1). Immunoreactivity was either signiﬁcantly
reduced or eliminated after antibody preabsorption with the anti-
genic peptide, which demonstrated the reactivity of the antibody
with the rat KCNQ5 protein in the retina. The band of approxi-
mately 90 kDa was consistent with the detection of KCNQ5
monomers in rat brainstem extracts (Garcia-Pino et al., 2010)
(manufacturer's information) and with the initial characterization
of the KCNQ5 gene, which encodes a protein with a predicted
molecular mass of around 99 kDa (Schroeder et al., 2000). Anti-
KCNQ5 also recognizes a 200 kDa protein in human muscle ex-
tracts, a 141 kDa protein in human brain preparations, a 116 kDa
band from transfected HEK293 cells (Yus-Najera et al., 2003), and aing with DAPI in blue. (A) The control SD retina with KCNQ5 immunoreactivity located
r antibody preabsorption with an antigenic peptide, except in the outer part of the RPE.
ontrol animals. (D) Staining in the adult P23H-1 retina remains in the non degenerated
P23H-1 rat retina. Any background on the absorption controls can be attributed to the
. GCL, ganglion cell layer; INL, inner nuclear layer; IPL, inner plexiform layer; is, inner
form layer; RPE, retinal pigment epithelium. Scale bar, 20 mm. (For interpretation of the
rticle.)
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et al., 2011). The channel's molecular diversity led us to believe
that the 90 kDa band was the molecular mass for KCNQ5 in the rat
retina, and that the 50 kDa and 34 kDa bands belonged to degra-
dation products with an intact N-terminal end, which was recog-
nized by the antibody.3.2. KCNQ5 distribution in rat retina
Central retina sections were analyzed to seek the KCNQ5
expression in the rat retina and, if it was seen, to map the expres-
sion patterns under normal conditions and during photoreceptors
degeneration. In mature SD retinas, KCNQ5 immunostaining was
localized in: the RPE; the inner segment of photoreceptors (is); the
outer plexiform layer (OPL); the INL; the inner plexiform layer (IPL);
the ganglion cell layer (GCL); and the NFL (Fig. 2A). Immunoreac-
tivity was eliminated after antibody preabsorption with the anti-
genic peptide (Fig. 2B), except in the apical portion of the RPE cells,
which demonstrated the antibody's reactivity with the rat KCNQ5
protein in both the neural retina and the basal membrane of the
RPE. This staining pattern continued during early retinal degener-
ation at P20 (Fig. 2C), and remained in adult P23H-1 rats, except for
degenerated layers (Fig. 2D). Immunoreactivity was also eliminated
in the preabsorption control in the P23H-1 rats, including the apical
portion of the RPE (Fig. 2E).Fig. 3. KCNQ5/CaM double-labeled immunocytochemistry (AeD), and in situ PLA assay (EeH
CaM immunostaining is observed in the GCL, IPL, INL and RPE. CaM immunoreactivity was
image showing co-localization with KCNQ5 in the RPE, IPL and GCL (arrows). (C) Image of
noﬂuorescence intensity is found in the GCL. (D) Merged image of the P23H-1 retinas, where
(EeG) Images of the PLA signal: red dots (magniﬁcation in G) represent the putative sites of
retina at P90. No signiﬁcant differences between the control and P23H-1 rats were observed
P90 and in older rats (G, H). Differences associated with p < 0.05 were considered signiﬁcan
inner nuclear layer; IPL, inner plexiform layer; NFL, nerve ﬁber layer; ONL, outer nuclear lay
interpretation of the references to color in this ﬁgure legend, the reader is referred to the3.3. Double-labeled immunocytochemistry and interactions by PLA
The next objective was to determine whether KCNQ5 was co-
localized with either the proteins involved in its activity or with
those affected in neurodegenerative processes. Those proteins
which co-localized with KCNQ5 were included in the interaction
analysis by PLA.
3.3.1. KCNQ5/CaM
CaM plays a critical role in KCNQ channel trafﬁcking, which
leads to current suppression. In the SD retinas, CaM immunoreac-
tivity patterns have been reported previously with staining in the
GCL and IPL (Wood et al., 1980), and also in the INL (Seiler et al.,
2008). CaM was also detected in the RPE (Fig. 3A). Co-localization
with KCNQ5 was found in the RPE, IPL and GCL (Fig. 3B). These
labeling and co-expression patterns remained in the P23H-1 rat
retinas, even after photoreceptors degeneration (Fig. 3C). At P90,
the co-localization of KCNQ5 and CaM observed in the GCL cells of
the P23H-1 retinas was intensive (Fig. 3D).
The ﬂuorescence KCNQ5/CaM PLA signal reproduced the above-
described co-localization patterns. Red ﬂuorescent dots were
distributed in the inner retina (IPL, GCL and NFL) in all the retinas
tested at any age (Fig. 3EeG). At P20, no signiﬁcant interaction
signal differences between rat strains were detected. The number
of red dots in the SD rats became progressively larger with age and
increased remarkably from P20 to P90 in the P23H-1 rats
(Fig. 3FeH). In contrast, the number of red dots did not change). DAPI nuclear staining is depicted blue. (A) Image from an SD rat retina at P90, where
also detected in the neuron nuclei because it is associated with chromatin. (B) Merged
the P23H-1 rat retina at P90 with advanced degeneration, where strong CaM immu-
co-localization was detected in the GCL (arrows) and IPL (arrow head in magniﬁcation).
the interactions between KCNQ5 and CaM localized in the inner retina. (E) The SD rat
in young animals (P20 in F, H), but a signiﬁcant increase in the red dots was detected at
t. Data are presented as the mean ± Standard Deviation. GCL, ganglion cell layer; INL,
er; OPL, outer plexiform layer. Scale bar, 20 mm; magniﬁcations in D and G 10 mm. (For
web version of this article.)
Fig. 4. KCNQ5/VGluT1 double-labeled immunocytochemistry (AeD), and in situ PLA assay (EeI). DAPI nuclear staining is depicted in blue. (A and C) Merged mages from an SD retina
at P90, where KCNQ5 (green) and VGluT1 (red) co-localization (arrows) is detected in the presynaptic terminals of photoreceptors (magniﬁcation in C). (BeD) Merged images from a
P23H-1 retina at P90, where KCNQ5 and VGluT1 co-localization (arrows) can be observed only in a few terminals in both the OPL (magniﬁcation in D) and IPL. (EeG) Images of the
E. Caminos et al. / Experimental Eye Research 131 (2015) 1e116
Fig. 5. GFAP expression and co-localization with KCNQ5 in the central retinal sections (AeD) and in the wholemount retinas (EeH) from the SD and P23H-1 rats at P90. Nuclear
staining with DAPI in shown blue. (AeB) The SD retinas with GFAP expression (in red) on the inner surface of the retina and sporadic KCNQ5 co-localization (arrows in B, merge
image). (CeD) The P23H-1 retina with GFAP expression on the inner surface and vertical processes. Co-localization was also observed in the GCL (arrows in D, merge image). (E) NFL,
where the star-shaped GFAP-positive cells in the SD retinas and the sporadic co-localization with KCNQ5 (arrows) can be observed. (F) The wholemount central retina from the SD
rat showing the GCL where no co-localization was found. (G) The NFL showing the high density of the GFAP-stained cell processes in a P23H-1 rat. (H) The GCL of a wholemount
retina from a P23H-1 rat, where co-localization was intensely detected (arrows). (IeL) The in situ PLA assay showing DAPI nuclear staining. The KCNQ5/GFAP PLA signal was
detected on the inner retinal layers, where it was signiﬁcantly higher in the P23H-1 retinas (P20 in J, P90 in K) than in the control SD rats (P90 in I). Statistical analysis in L.
Differences associated with p < 0.05 were considered signiﬁcant. Data are presented as the mean ± Standard Deviation. GCL, ganglion cell layer; INL, inner nuclear layer; IPL, inner
plexiform layer; NFL, nerve ﬁber layer; ONL, outer nuclear layer; OPL, outer plexiform layer. Scale bar, 20 mm. (For interpretation of the references to color in this ﬁgure legend, the
reader is referred to the web version of this article.)
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(Fig. 3H).
3.3.2. KCNQ5/VGluT1
VGluT1 is a marker of all the photoreceptor terminals in the OPL,
and also of the bipolar cell terminals in both the ON and OFF
laminae of the IPL (Gong et al., 2006; Stella et al., 2008). The SD ratKCNQ5/VGluT1 PLA signal in the SD retina at P90 (E) and in the P23H-1 retina at P20 (F) a
retinas on the outer plexiform layer (H) (arrows in E and F) and in the inner retina (I). Diffe
mean ± Standard Deviation. GCL, ganglion cell layer; INL, inner nuclear layer; IPL, inner plex
Scale bar, 20 mm. (For interpretation of the references to color in this ﬁgure legend, the rearetinas showed that VGluT1 immunoreactivity followed previously
reported patterns (Gong et al., 2006; Stella et al., 2008) (Fig. 4A).
Punctate staining was also seen in the RPE. KCNQ5 co-localized
with VGluT1 in photoreceptor and bipolar cell terminals, but not
in the RPE (Fig. 4B, E). The P23H-1 retinas showed this labeling
pattern at P20, but degeneration progression brought about the
disorganization of the labeling located on the plexiform layers. Atnd P90 (G). (H, I) The PLA signal was signiﬁcantly lower in the P23H-1 than in the SD
rences associated with p < 0.05 were considered signiﬁcant. Data are presented as the
iform layer; NFL, nerve ﬁber layer; ONL, outer nuclear layer; OPL, outer plexiform layer.
der is referred to the web version of this article.)
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the OPL (Fig. 4C). Co-localization of KCNQ5 and VGluT1 was
detected only in a few terminals in the OPL and IPL of the adult
P23H-1 rats (Fig. 4D, F).
The KCNQ5/VGluT1 PLA signal was present as discrete ﬂuores-
cent dots in the OPL, IPL and GCL (Fig. 4GeK). This interaction was
analyzed in two groups (signal in the OPL and signal in the
IPLþ GCL) because degeneration in the inner retina is affected later
than in the outer retina. In the OPL, signiﬁcant differences were
detected between the aged-matched SD and the P23H-1 rats
(Fig. 4J). In the SD retinas, an age-related loss of the PLA signal in
the OPLwas observed (Fig. 4G, J). As expected in the P23H-1 retinas,
the red dots disappeared from the OPL during photoreceptor
degeneration (Fig. 4H, I, J). In the inner retina, no signiﬁcant dif-
ferences were observed between the strains at P20 (Fig. 4H, K), but
the signal signiﬁcantly diminished in the adult P23H-1 rats (Fig. 4I,
K). These data indicate that it is possible to detect subtle changes in
KCNQ5 expression on inner retinal layers, although their degener-
ation takes place later than in the outer retina.3.3.3. KCNQ5/GFAP
GFAP is usually found in the astrocytes of normal retinas and in
Müller cells in response to degeneration or after retinal injuries
(Eisenfeld et al., 1984). In the present study, the analysis of the GFAP
expression in the central retina of SD rats showed ﬂuorescence
processes in the NFL (Fig. 5A), and this expression enhanced with
age. KCNQ5 and GFAP co-localizationwas sporadically found on theFig. 6. The intracellular Ca2þ levels in the neurons and glial cells from the SD and P23H-1 r
(159 ± 4.33 nM; n ¼ 50) than in the SD (101.7 ± 2.21 nM; n ¼ 50) rats (recordings in the INL).
n ¼ 45) than in the SD retinas (107.1 ± 2.66 nM; n ¼ 45) (recordings in the NFL). (B) Trac
application (horizontal bar) of 100 mM ATP. Peak amplitude quantiﬁcation, measured as a %
P23H-1 and SD glial cells. Data are presented as the mean ± SEM; INL, inner nuclear layerinner surface of SD retinas (Fig. 5B, E), and was not observed in the
GCL, not even in older animals (Fig. 5F). In the P23H-1 rat retinas,
GFAP immunoreactivity was more prominent in the radial pro-
cesses of Müller cells with a photoreceptor degeneration process
(Fig. 5C). The co-localization of KCNQ5 and GFAP in the P23H-1
retinas was prominent on the inner retina surface, in the radial
processes crossing the IPL, and also in the GCL (Fig. 5D, G, H). As
expected, all these results indicate the up-regulation of GFAP
expression in retinal glial cells in response to photoreceptor
degeneration.
The interaction signal between KCNQ5 and GFAP consisted in a
few red dots distributed in the NFL of the young SD rats (Fig. 5L).
The signal increased at P90 (Fig. 5J) with numerous red dots located
mainly in the IPL, GCL and NFL, which remained unchanged in older
animals (Fig. 5L). Signiﬁcant differences were observed between
P20 and P90 in both the SD and P23H-1 rats, but not in older ani-
mals (Fig. 5I, K, L). When SD and P23H-1 were compared, the
interaction signal in the P23H-1 retinas was signiﬁcantly more
marked than in the control retinas at all the ages tested, and it
peaked at P90 (Fig. 5L).3.4. Calcium levels in neurons and glial cells
The intracellular Ca2þ recordings supported the results obtained
for KCNQ5/CaM by immunocytochemistry and PLA. The baseline
[Ca2þ]i levels in the INL of the P23H-1 rats were signiﬁcantly higher
than those in the SD rats in both neurons and glial cells (Fig. 6A).etinas. (A) The resting [Ca2þ]i levels in the neurons in P23H-1 were signiﬁcantly higher
The [Ca2þ]i levels in glial cells were also higher in the P23H-1 retinas (211.3 ± 3. 85 nM;
es showing the time course of the [Ca2þ]i responses in 45 glial cells during the bath
of the SD response, shows no difference in the strength of the response between the
; NFL, nerve ﬁber layer. *** Difference was signiﬁcant with p < 0.001.
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NFL of the retinas at P100 when the KCNQ5/CaM interaction was at
its greatest. Müller cell processes and astrocytes were clearly
labeled with Fura-2 in the NFL. ATP, a known gliotransmitter that
triggers Ca2þwaves in specialized retina glia (Newman, 2005), was
used to identify glial cells. This ATP [100 mM] concentration evoked
the maximum response in astroglia, the equivalent to those trig-
gered bymechanical stimulation (Hamilton et al., 2008). Only those
cells sensitive to ATP were included in the study. The magnitude of
the response to ATP, measured as the peak amplitude, between the
P23H-1 and SD retinas was similar (Fig. 6B).4. Discussion
4.1. KCNQ5 is expressed in the rat retina
The distribution pattern of the voltage-dependent potassium
channel KCNQ5 in the rat retina and the changes that took place
during photoreceptors loss, which are shown in this study, support
the hypothesis that KCNQ5 is associated with CaM in the rat retina,
and that the interaction between both proteins changes during
photoreceptor degeneration. KCNQ5 has been previously found in
the RPE of the monkey retina, where effects of KCNQ channel
modulators on M-currents were demonstrated (Pattnaik and
Hughes, 2012; Zhang et al., 2011). The mechanism of excitability
regulation provided by KCNQ5 and its molecular changes during
retinal cells loss might be relevant for understanding visual signal
processing. For this purpose, we analyzed the interactions of
KCNQ5 with the proteins involved in either channel activity or
degenerative processes.Fig. 7. Schematic model of the correlation between structural retinal degeneration and
the functional interaction of KCNQ5 with CaM in the P23H-1 rat retinas. In the young
P23H-1 rats (around P20), where retinal degeneration did not advance, the KCNQ5/
CaM interaction level was similar to that recorded in the control SD rats. In these
circumstances, the open probability of the channel would be high (the channel is
activated) and, consequently, it is likely that the channel plays a relevant role in
neuronal excitability. Later on during degeneration (at P90), the KCNQ5/CaM interac-
tion was greater than in the young P23H-1 rats, when the open probability of the
channel reduced and led to altered cellular excitability from the inner retina. Thus it is
plausible that loss of the potassium current can lead to neural hyperexcitability, which
contributes to cell degeneration in the retinas of the P23H-1 rats.4.2. KCNQ5/CaM
CaM acts as a mediator in the Ca2þ-dependent modulation of
KCNQ channels and confers high Ca2þ sensitivity to KCNQ5. It in-
teracts with KCNQ channels by reducing the KCNQ5 open proba-
bility in brain and culture cells (Gamper and Shapiro, 2003; Gamper
et al., 2005; Yus-Najera et al., 2002). CaM may also control the
composition and distribution of KCNQ channels in neurons (Liu and
Devaux, 2014). We herein demonstrate that CaM also interacts with
KCNQ5 in the rat retina and that this interaction can act as a marker
during the retinal degeneration process. Although the KCNQ5/CaM
interaction increased as a result of age in the SD retinas, it was
signiﬁcantly higher in the P23H-1 rats during retinal degeneration.
Consistently with these ﬁndings, calcium-imaging studies have
shown higher basal levels of the [Ca2þ]i in the P23H-1 retinas than
in the SD retinas. Based not only on these observations, but also on
arguments in other studies (Gamper et al., 2005; Yus-Najera et al.,
2002), we propose a correlation between the retinal degeneration
progress and the interaction between KCNQ5 and CaM. CaM co-
expression in Chinese hamster ovary cells (CHO) and in a yeast
two-hybrid assay strongly reduced KCNQ5 currents (Gamper et al.,
2005; Yus-Najera et al., 2002). If the effect of the KCNQ5/CaM
interaction on the retina was similar to that in CHO cells and yeast,
we can assume that the open probability of the potassium channels
in the inner retina lowered and, consequently, Kþ currents dimin-
ished and excitability altered (increased) during photoreceptors
degeneration progress (Fig. 7). This increased excitability may
promote cell death in the inner retina of the P23H-1 rats, where the
ﬁrst symptoms of ganglion cells degeneration have been found at
P180 (García-Ayuso et al., 2010). A scheme of the proposedmodel is
shown in Fig. 7.4.3. KCNQ5/VGluT1
KCNQ5 is distributed in rat glutamatergic terminals in the hip-
pocampus and brainstem nuclei (Caminos et al., 2007; Vervaeke
et al., 2006), where it regulates excitability and transmitter
release. VGluT1 is located in the glutamatergic vesicular membrane
of the photoreceptors synapses and output synapses of bipolar cells
in the IPL of the mammalian retina (Gong et al., 2006; Stella et al.,
2008). The co-localization of both proteins KCNQ5 and VGluT1 take
place in the synaptic terminals of auditory neurons in brainstem
nuclei (Garcia-Pino et al., 2010). In the rat retina, we also found that
KCNQ5 not only co-exists with VGluT1 in the outer and inner
plexiform layers, but an interaction between both molecules also
takes place. There are no published reports of a physical interaction
between KCNQ5 and glutamate transporters.
The co-localization of KCNQ5 and VGluT1 in the inner retina is
particularly interesting. Currently there is considerable interest in
knowing the molecular mechanisms that maintain the structure
and physiology of the inner retina during neuronal degeneration in
order to develop methods to replace or regenerate retinal ganglion
cells in vivo (Johnson and Martin, 2013) or to predict the right time
for transplanting stem cells for retinal repair purposes (Cuenca
et al., 2013; Wright et al., 2014). In the young P23H-1 rats, gan-
glion cells normally respond to direct electrical stimulation, despite
severe photoreceptor degeneration and complete loss of light re-
sponses (Cuenca et al., 2004; Sekirnjak et al., 2009). Thus adapta-
tion processes to rod degeneration may exist. The KCNQ5/VGluT1
relationship may be an adaptation process to maintain the physi-
ology and structure of the inner retina during neuronal degenera-
tion. However, the precise nature and stoichiometrics of this co-
localization and interaction require more experiments.
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Glial cells express KCNQ5 in the brain where the potassium
channel can be involved in glial cell maturation (Wang et al., 2011;
Yus-Najera et al., 2003). However, the fact that there are no pub-
lished reports of a physical interaction between GFAP and KCNQ5 is
available make us cautious when interpreting our results. GFAP is a
well-known cell type-speciﬁc marker for astrocytes and Müller
cells. Under normal conditions, Müller cells in the mammalian
retina do not express GFAP, or only contain very small amounts of
this protein (Bj€orklund et al., 1985; Eisenfeld et al., 1984; Erickson
et al., 1987). In contrast, GFAP increases in Müller cells during
age-related retinal degeneration, in retinas with genetically
induced photoreceptor degeneration or in response to retinal in-
juries (DiLoreto et al., 1995; Eisenfeld et al., 1984; Ekstr€om et al.,
1988; Erickson et al., 1987; the present study). The interaction
pattern observed here can be due to increased GFAP in glial cells
during degenerative processes. Other experiments are required to
explain whether KCNQ5 somehow participates in the activity of
glial cells during retina remodeling in response to retinitis pig-
mentosa. A possible relationship between KCNQ5 and GFAP in the
rat retina has been sustained by the presence of potassium chan-
nels, potassium currents and GFAP expression in astrocytes or
Müller cells in the retina (Bay and Butt, 2012; Chavira-Suarez et al.,
2011; Connors and Kofuji, 2006; Zhao et al., 2012). KCNQ5 currents
have been reported in monkey retina (Pattnaik and Hughes, 2012)
and KCNQ5 expression has been described in brain astrocytes (Yus-
Najera et al., 2003). Many glial cell functions have also been asso-
ciated with potassium channels, such as regulation of cell prolif-
erative activity (Newman, 2004; 2003), performance of retinal Kþ
homeostasis through inwardly rectifying potassium (Kir) channels
(Raap et al., 2002), and cell-to-cell communication (Bay and Butt,
2012). We were unable to identify a speciﬁc role for KCNQ5 in
retina glial cells, but wewished to consider herein the possibility of
a relationship between cytoskeleton proteins (i.e. GFAP) and
membrane proteins (i.e. potassium channels), like that which may
occur during vesicular transport, cell movement and the remod-
eling of the retina during photoreceptor degeneration. This is a new
perspective in KCNQ5 channel action which opens up a way for
future research.
5. Conclusions
The present study sheds new light on the rat retina in relation to
age and the degenerative processes caused by retinitis pigmentosa.
Such processes are associated with neuronal excitability-mediated
potassium currents. Our results demonstrate that KCNQ5 is widely
distributed in the rat retina, where activity channel control is
mediated by CaM. Despite the loss of photoreceptors in the P23H
rats, the inner retina maintained strong activity. This is important if
we are to know the right time to apply speciﬁc treatments to reduce
or stabilize degeneration progression or to restore certain visual
capability. The present study indicates that molecular processes are
activated in the inner retina of the P23H-1 rats. Thus in the P23H-1
rat retina, the relationship between KCNQ5 and CaMmight allow us
to follow the retinal degeneration course in an in situ system.
Changes in the KCNQ5/GFAP and KCNQ5/VGluT1 interactions were
also detected during photoreceptor degeneration, but these ob-
servations require knowing other possible molecular mechanisms.
Acknowledgments
Thanks are given to Dr. Matt LaVail and Kelly Ahern for sup-
plying the P23H rats and for all their valuable tips on keeping an-
imals in our facilities; and to Marta Esparcia García and MiguelAngel Andres García for technical assistance. This work has been
supported by a grant from the Consejería de Educacion y Ciencia de
la JCCM to EC (PPII10-0139-6156) and a grant from Ministerio de
Economía y Competitividad to CFV (BFU2012-39548-C02-01).
References
Baner, J., Nilsson, M., Mendel-Hartvig, M., Landegren, U., 1998. Signal ampliﬁcation
of padlock probes by rolling circle replication. Nucleic Acids Res. 26,
5073e5078.
Bay, V., Butt, A.M., 2012. Relationship between glial potassium regulation and axon
excitability: a role for glial Kir4.1 channels. Glia 60, 651e660. http://dx.doi.org/
10.1002/glia.22299.
Beech, D.J., Barnes, S., 1989. Characterization of a voltage-gated Kþ channel that
accelerates the rod response to dim light. Neuron 3, 573e581.
Biervert, C., Schroeder, B.C., Kubisch, C., Berkovic, S.F., Propping, P., Jentsch, T.J.,
Steinlein, O.K., 1998. A potassium channel mutation in neonatal human epi-
lepsy. Science 279, 403e406.
Bj€orklund, H., Bignami, A., Dahl, D., 1985. Immunohistochemical demonstration of
glial ﬁbrillary acidic protein in normal rat Müller glia and retinal astrocytes.
Neurosci. Lett. 54, 363e368.
Caminos, E., Garcia-Pino, E., Martinez-Galan, J.R., Juiz, J.M., 2007. The potassium
channel KCNQ5/Kv7.5 is localized in synaptic endings of auditory brainstem
nuclei of the rat. J. Comp. Neurol. 505, 363e378. http://dx.doi.org/10.1002/
cne.21497.
Chavira-Suarez, E., Sandoval, A., Felix, R., Lamas, M., 2011. Expression and high
glucose-mediated regulation of Kþ channel interacting protein 3 (KChIP3) and
KV4 channels in retinal Müller glial cells. Biochem. Biophys. Res. Commun. 404,
678e683. http://dx.doi.org/10.1016/j.bbrc.2010.12.041.
Connors, N.C., Kofuji, P., 2006. Potassium channel Kir4.1 macromolecular complex in
retinal glial cells. Glia 53, 124e131. http://dx.doi.org/10.1002/glia.20271.
Cuenca, N., Fernandez-Sanchez, L., McGill, T.J., Lu, B., Wang, S., Lund, R., Huhn, S.,
Capela, A., 2013. Phagocytosis of photoreceptor outer segments by transplanted
human neural stem cells as a neuroprotective mechanism in retinal degener-
ation. Investig. Ophthalmol. Vis. Sci. 54, 6745e6756. http://dx.doi.org/10.1167/
iovs.13-12860.
Cuenca, N., Pinilla, I., Sauve, Y., Lu, B., Wang, S., Lund, R.D., 2004. Regressive and
reactive changes in the connectivity patterns of rod and cone pathways of P23H
transgenic rat retina. Neuroscience 127, 301e317. http://dx.doi.org/10.1016/
j.neuroscience.2004.04.042.
DiLoreto Jr., D.A., Martzen, M.R., del Cerro, C., Coleman, P.D., del Cerro, M., 1995.
Müller cell changes precede photoreceptor cell degeneration in the age-related
retinal degeneration of the Fischer 344 rat. Brain Res. 698, 1e14.
Eisenfeld, A.J., Bunt-Milam, A.H., Sarthy, P.V., 1984. Müller cell expression of glial
ﬁbrillary acidic protein after genetic and experimental photoreceptor degen-
eration in the rat retina. Investig. Ophthalmol. Vis. Sci. 25, 1321e1328.
Ekstr€om, P., Sanyal, S., Narfstr€om, K., Chader, G.J., van Veen, T., 1988. Accumulation
of glial ﬁbrillary acidic protein in Müller radial glia during retinal degeneration.
Investig. Ophthalmol. Vis. Sci. 29, 1363e1371.
Erickson, P.A., Fisher, S.K., Guerin, C.J., Anderson, D.H., Kaska, D.D., 1987. Glial
ﬁbrillary acidic protein increases in Müller cells after retinal detachment. Exp.
Eye Res. 44, 37e48.
Gamper, N., Shapiro, M.S., 2003. Calmodulin mediates Ca2þ-dependent modulation
of M-type Kþ channels. J. Gen. Physiol. 122, 17e31.
Gamper, N., Li, Y., Shapiro, M.S., 2005. Structural requirements for differential
sensitivity of KCNQ Kþ channels to modulation by Ca2þ/calmodulin. Mol. Biol.
Cell 16, 3538e3551. http://dx.doi.org/10.1091/mbc.E04-09-0849.
García-Ayuso, D., Salinas-Navarro, M., Agudo, M., Cuenca, N., Pinilla, I., Vidal-
Sanz, M., Villegas-Perez, M.P., 2010. Retinal ganglion cell numbers and delayed
retinal ganglion cell death in the P23H rat retina. Exp. Eye Res. 91, 800e810.
http://dx.doi.org/10.1016/j.exer.2010.10.003.
Garcia-Pino, E., Caminos, E., Manuel Juiz, J., 2010. KCNQ5 reaches synaptic endings
in the auditory brainstem at hearing onset and targeting maintenance is ac-
tivity-dependent. J. Comp. Neurol. 518, 1301e1314. http://dx.doi.org/10.1002/
cne.22276.
Gong, J., Jellali, A., Mutterer, J., Sahel, J.A., Rendon, A., Picaud, S., 2006. Distribution of
vesicular glutamate transporters in rat and human retina. Brain Res. 1082,
73e85. http://dx.doi.org/10.1016/j.brainres.2006.01.111.
Hamilton, N., Vayro, S., Kirchhoff, F., Verkhratsky, A., Robbins, J., Gorecki, D.C.,
Butt, A.M., 2008. Mechanisms of ATP- and glutamate-mediated calcium
signaling in white matter astrocytes. Glia 56, 734e749. http://dx.doi.org/
10.1002/glia.20649.
Johnson, T.V., Martin, K.R., 2013. Cell transplantation approaches to retinal ganglion
cell neuroprotection in glaucoma. Curr. Opin. Pharmacol. 13, 78e82. http://
dx.doi.org/10.1016/j.coph.2012.08.003.
Kubisch, C., Schroeder, B.C., Friedrich, T., Lütjohann, B., El-Amraoui, A., Marlin, S.,
Petit, C., Jentsch, T.J., 1999. KCNQ4, a novel potassium channel expressed in
sensory outer hair cells, is mutated in dominant deafness. Cell 96, 437e446.
Lerche, C., Scherer, C.R., Seebohm, G., Derst, C., Wei, A.D., Busch, A.E., Steinmeyer, K.,
2000. Molecular cloning and functional expression of KCNQ5, a potassium
channel subunit that may contribute to neuronal M-current diversity. J. Biol.
Chem. 275, 22395e22400. http://dx.doi.org/10.1074/jbc.M002378200.
Liu, W., Devaux, J.J., 2014. Calmodulin orchestrates the heteromeric assembly and
E. Caminos et al. / Experimental Eye Research 131 (2015) 1e11 11the trafﬁcking of KCNQ2/3 (Kv7.2/3) channels in neurons. Mol. Cell. Neurosci.
58, 40e52. http://dx.doi.org/10.1016/j.mcn.2013.12.005.
Machida, S., Kondo, M., Jamison, J.A., Khan, N.W., Kononen, L.T., Sugawara, T.,
Bush, R.A., Sieving, P.A., 2000. P23H rhodopsin transgenic rat: correlation of
retinal function with histopathology. Investig. Ophthalmol. Vis. Sci. 41,
3200e3209.
Martinez-Galan, J.R., Perez-Martinez, F.C., Juiz, J.M., 2012. Signalling routes and
developmental regulation of group I metabotropic glutamate receptors in rat
auditory midbrain neurons. J. Neurosci. Res. 90, 1913e1923. http://dx.doi.org/
10.1002/jnr.23087.
Newman, E.A., 2003. Glial cell inhibition of neurons by release of ATP. J. Neurosci.
Off. J. Soc. Neurosci. 23, 1659e1666.
Newman, E.A., 2004. A dialogue between glia and neurons in the retina: modula-
tion of neuronal excitability. Neuron Glia Biol. 1, 245e252. http://dx.doi.org/
10.1017/S1740925X0500013X.
Newman, E.A., 2005. Calcium increases in retinal glial cells evoked by light-induced
neuronal activity. J. Neurosci. Off. J. Soc. Neurosci. 25, 5502e5510. http://
dx.doi.org/10.1523/JNEUROSCI.1354-05.2005.
Pattnaik, B.R., Hughes, B.A., 2012. Effects of KCNQ channel modulators on the M-
type potassium current in primate retinal pigment epithelium. Am. J. Physiol.
Cell Physiol. 302, C821eC833. http://dx.doi.org/10.1152/ajpcell.00269.2011.
Raap, M., Biedermann, B., Braun, P., Milenkovic, I., Skatchkov, S.N., Bringmann, A.,
Reichenbach, A., 2002. Diversity of Kir channel subunit mRNA expressed by
retinal glial cells of the guinea-pig. Neuroreport 13, 1037e1040.
Roura-Ferrer, M., Etxebarria, A., Sole, L., Oliveras, A., Comes, N., Villarroel, A.,
Felipe, A., 2009. Functional implications of KCNE subunit expression for the
Kv7.5 (KCNQ5) channel. Cell. Physiol. Biochem. Int. J. Exp. Cell. Physiol. Biochem.
Pharmacol. 24, 325e334. http://dx.doi.org/10.1159/000257425.
Schroeder, B.C., Hechenberger, M., Weinreich, F., Kubisch, C., Jentsch, T.J., 2000.
KCNQ5, a novel potassium channel broadly expressed in brain, mediates M-type
currents. J. Biol. Chem. 275, 24089e24095. http://dx.doi.org/10.1074/
jbc.M003245200.
Seiler, M.J., Thomas, B.B., Chen, Z., Wu, R., Sadda, S.R., Aramant, R.B., 2008. Retinal
transplants restore visual responses: trans-synaptic tracing from visually
responsive sites labels transplant neurons. Eur. J. Neurosci. 28, 208e220. http://
dx.doi.org/10.1111/j.1460-9568.2008.06279.x.
Sekirnjak, C., Hulse, C., Jepson, L.H., Hottowy, P., Sher, A., Dabrowski, W., Litke, A.M.,
Chichilnisky, E.J., 2009. Loss of responses to visual but not electrical stimulation
in ganglion cells of rats with severe photoreceptor degeneration.
J. Neurophysiol. 102, 3260e3269. http://dx.doi.org/10.1152/jn.00663.2009.
S€oderberg, O., Leuchowius, K.-J., Gullberg, M., Jarvius, M., Weibrecht, I., Larsson, L.-
G., Landegren, U., 2008. Characterizing proteins and their interactions in cells
and tissues using the in situ proximity ligation assay. Methods San Diego Calif.
45, 227e232. http://dx.doi.org/10.1016/j.ymeth.2008.06.014.
Sotoca, J.V., Alvarado, J.C., Fuentes-Santamaría, V., Martinez-Galan, J.R., Caminos, E.,2014. Hearing impairment in the P23H-1 retinal degeneration rat model. Front.
Neurosci. 8, 297. http://dx.doi.org/10.3389/fnins.2014.00297.
Stella Jr., S.L., Li, S., Sabatini, A., Vila, A., Brecha, N.C., 2008. Comparison of the
ontogeny of the vesicular glutamate transporter 3 (VGLUT3) with VGLUT1 and
VGLUT2 in the rat retina. Brain Res. 1215, 20e29. http://dx.doi.org/10.1016/
j.brainres.2008.03.038.
Vervaeke, K., Gu, N., Agdestein, C., Hu, H., Storm, J.F., 2006. Kv7/KCNQ/M-channels
in rat glutamatergic hippocampal axons and their role in regulation of excit-
ability and transmitter release. J. Physiol. 576, 235e256. http://dx.doi.org/
10.1113/jphysiol.2006.111336.
Wang, Q., Curran, M.E., Splawski, I., Burn, T.C., Millholland, J.M., VanRaay, T.J.,
Shen, J., Timothy, K.W., Vincent, G.M., de Jager, T., Schwartz, P.J., Toubin, J.A.,
Moss, A.J., Atkinson, D.L., Landes, G.M., Connors, T.D., Keating, M.T., 1996. Po-
sitional cloning of a novel potassium channel gene: KVLQT1 mutations cause
cardiac arrhythmias. Nat. Genet. 12, 17e23. http://dx.doi.org/10.1038/ng0196-
17.
Wang, W., Gao, X.-F., Xiao, L., Xiang, Z.-H., He, C., 2011. K(V)7/KCNQ channels are
functionally expressed in oligodendrocyte progenitor cells. PloS One 6, e21792.
http://dx.doi.org/10.1371/journal.pone.0021792.
Wood, J.G., Wallace, R.W., Whitaker, J.N., Cheung, W.Y., 1980. Immunocytochemical
localization of calmodulin in regions of rodent brain. Ann. N. Y. Acad. Sci. 356,
75e82.
Wright, L.S., Phillips, M.J., Pinilla, I., Hei, D., Gamm, D.M., 2014. Induced pluripotent
stem cells as custom therapeutics for retinal repair: progress and rationale. Exp.
Eye Res. 123, 161e172.
Yeung, S.Y.M., Lange, W., Schwake, M., Greenwood, I.A., 2008. Expression proﬁle and
characterisation of a truncated KCNQ5 splice variant. Biochem. Biophys. Res.
Commun. 371, 741e746. http://dx.doi.org/10.1016/j.bbrc.2008.04.129.
Yus-Najera, E., Mu~noz, A., Salvador, N., Jensen, B.S., Rasmussen, H.B., Defelipe, J.,
Villarroel, A., 2003. Localization of KCNQ5 in the normal and epileptic human
temporal neocortex and hippocampal formation. Neuroscience 120, 353e364.
Yus-Najera, E., Santana-Castro, I., Villarroel, A., 2002. The identiﬁcation and char-
acterization of a noncontinuous calmodulin-binding site in noninactivating
voltage-dependent KCNQ potassium channels. J. Biol. Chem. 277, 28545e28553.
http://dx.doi.org/10.1074/jbc.M204130200.
Zhang, X., Hughes, B.A., 2013. KCNQ and KCNE potassium channel subunit expres-
sion in bovine retinal pigment epithelium. Exp. Eye Res. 116, 424e432.
Zhang, X., Yang, D., Hughes, B.A., 2011. KCNQ5/K(v)7.5 potassium channel expres-
sion and subcellular localization in primate retinal pigment epithelium and
neural retina. Am. J. Physiol. Cell Physiol. 301, C1017eC1026. http://dx.doi.org/
10.1152/ajpcell.00185.2011.
Zhao, T., Li, Y., Weng, C., Yin, Z., 2012. The changes of potassium currents in RCS rat
Müller cell during retinal degeneration. Brain Res. 1427, 78e87. http://
dx.doi.org/10.1016/j.brainres.2011.10.011.
